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Abstract 

I In a class of models of dynamical symmetry breaking not ruled out by the avail- 

^ I able data, the lightest neutral pseudo-Nambu-Goldstone boson (P") contains only 

■ down- type techniquarks and charged technileptons. Its mass scale is naturally de- 
CN , termined by the 6-quark and therefore it is likely to be light. As the presence of 

pseudo-Nambu-Goldstone bosons in models of dynamical symmetry breaking is a 

■ quite general feature, the search of the at colliders is an interesting opportunity 
, of putting limits on or discovering a dynamical electroweak symmetry breaking sce- 

QhI nario. In this note we discuss the prospects for discovering and studying the P^ at 

Q^' future e+e" and 77 colliders. 



1 Introduction 



^ \ The discovery potential of high energy e^e^ linear colliders and the high-precision with 
which the properties of particles and their interactions can be analysed have been inves- 
tigated in a number of studies within the ECFA/DESY Study on Physics and Detectors 
for a Linear Collider (see [0] and references therein). The linear collider provides also a 
unique opportunity for the discovery of particles in alternative scenarios, like dynamical 
symmetry breaking (see for example [^). 

Dynamical symmetry breaking (DSB) avoids the introduction of fundamental scalar 
fields but generally predicts many pseudo-Nambu-Goldstone bosons (PNGB's) due to 
the breaking of a large initial global symmetry group G. PNGB's do not acquire mass 
from the technicolor interactions, therefore they are almost certainly the lightest of the 
new states in the physical spectrum predicted by DSB. Among the PNGB's, the color- 
less neutral states are unique in that they remain massless even after the interactions 
of the color and electroweak gauge bosons are turned on. In technicolor models, their 

^LC-TH-1999-013, proceedings of the Second ECFA/DESY Study on "Physics Studies for a Future 



Linear Collider", tittp://www. desy.de/ ~lcnotes/LCnotes_welconie.html 
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masses derive entirely from effective four technifermion operators involving two technilep- 
tons and two techniquarks. Such operators arise from two sources: the one-loop effective 
potential generated from the low-energy effective Lagrangian that describes the PNGB's 
and their interactions with quarks and leptons; and explicit extended-technicolor gauge 
boson (technileptoquark) exchanges that change a techniquark into a technilepton. The 
one-loop contributions to the mass-squared matrix for the PNGB's exhibit an underly- 
ing SU (2)i X SU {2)ji symmetry. The technileptoquark gauge boson exchange contribu- 
tions automatically preserve this symmetry. When this symmetry is present, the lightest 
PNGB, denoted P°, will contain only down-type techniquarks (and charged technileptons) 
and, in particular, no up-type techniquarks. As a result, its mass scale is most naturally 
determined by the 6-quark mass and not the t-quark mass. Consequently, it is likely to 
be much lighter than all the other PNGB's. 

Direct observation of a PNGB would not have been possible at any existing accelerator, 
however light the PNGB's arc, unless the number of technicolors, denoted Ntc, is very 
large. Further, indirect constraints, e.g. from precision electroweak data, are model- 
dependent and not particularly robust when the number of technicolors is not large. 

In the type of DSB model we consider the P° might be the only state that is hght 
enough to be produced at a ^/s < 500 GeV first generation e+e~ collider. The most 
important production process for the P° at an e'^e~ collider is e~^e~ ^P^. In the 
77 collider mode of operation, one searches for 77 — > . The 77P° coupling required 
in these two cases arises from an anomalous vertex graph and is proportional to Ntc, 
yielding production rates proportional to N^c- I*'^^ ^tc — 4, we find that discovery of 
the P° in e+e~ — > 7P° will be possible for at least a limited range of masses and that the 
77 collider will provide very robust P° signals allowing for fairly precise measurements 
of rates in a variety of channels. However, prospects decline at smaller N^c- In order 
to understand how these results depend upon Ntci we will also consider the minimal, 
although rather unphysical, reference case of Ntc — 1- 

In the following, the DSB model will be described by a low-energy effective theory. 
The effective low-energy Lagrangian of the theory contains a Yukawa coupling component 
that plays two crucial roles. First, it determines the most general form of the couplings 
of all the PNGB's, in particular those of the P°, to SM fcrmions. Second, the one-loop 
potential computed from the low-energy effective Yukawa couplings gives contributions to 
the mass-squared matrix of the PNGB's. The relative size of these one- loop contributions 
to the mass-squared matrix as compared to the contributions from technileptoquark gauge 
boson exchange diagrams is model-dependent. However, should the one-loop contributions 
be dominant, the P° mass would then be mostly determined by the same mechanism that 
is responsible for the quark and lepton masses. 

The present theoretical uncertainties associated with DSB models increase the impor- 
tance of searching for a light P°. Discovery of the P°, and a study of its properties, would 
be the first steps in unravelling the underlying DSB theory. 
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2 phenomenology 

We give a brief summary of the branching fractions and total width of the hght P°. Details 
concerning the derivation of these formulas can be found in . A partial list of previous 
studies concerning PNGB's at e~^e~ colliders is given in [Q. 
The Yukawa couplings of the light to fermions are: 

Cy = -iXMP'' - iKfi^rP'' - tX^fx^.fxP''. (1) 

In order to explore a representative phenomenological case, we make the parameter choice 
of refs. 151 and B 



A. 




A, 



(2) 



This particular set of couplings is based on the assumption of no relevant cancellations 
(see [0 for details). More generally, we would have A/ = ^firif/v with a number of the 
order of 1 which depends on the particular choice of the Yukawa parameters. 
The corresponding P° mass from the one- loop potential is 



mpo(one — loop) 



2A 



(3) 



where A is a UV cut-off situated in the TeV region and we have neglected contributions 
to mpo proportional to and m^. 

Also of importance are the couplings of the P° to a pair of SM gauge bosons arising 
through the ABJ anomaly. These are model-dependent. We will employ those obtained 
in the standard technicolor theories of Ref. 0, ^. The relevant Feynman-rule (which 
in our notation will include double Wick contractions when two identical gauge bosons 
are present) for such a coupling can be written in the general form: 
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where sw = sin6'iy, etc. 
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In the multi-scale/walking technicolor context the value of v appropriate for deter- 
mining the couplings could be smaller than v = 246 GeV. From the above explicit 
formulae, it is apparent that all couplings of interest are proportional to 1/v, implying 
that a decrease in v could only increase production rates for the P° and, thereby, the 
ability to discover and study the P°. 

We will work in the limit in which LQ mass-squared matrix contributions can be ne- 
glected relative to the one-loop effective potential contributions of Eq. (j^). The magnitude 
of mpo in this limit can be better appreciated by writing the one-loop contribution to mpo 
from Eq. in the form 

mpo(one - loop) ~ 8 GeV X A(TeV) . (9) 

Given that A < 10 TeV is most natural in the model being considered, the would be 
likely to have mass below m^. Only if A is unexpectedly large and/or the LQ contributions 
are very substantial is it possible that rripo would be larger than ~ 200 GeV.0 

10° 
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Figure 1: Branching fractions for P^ decay into fi'^fi^, t^t^ , bb, 77, and gg. We assume 
Ntc = 4 and employ the couplings of Eqs. (H), @ and (|). 

The P° Yukawa couplings to fermions are given in Eq. (0). For P° decays, the 
77 and gluon-gluon channels are also important; the corresponding couplings are those 
summarized in Eqs. and (§), as generated by the ABJ anomaly. The corresponding 
partial widths must be computed keeping in mind that, for our normalization of Apo^^ 
and ApOgg, one must include a factor of 1/2 for identical final state particles: 

r(P°^ VV) = iCy^Aloyy , (10) 

^ Walking/multi-scale technicolor models would have smaller v which would enhance the one-loop 
contributions to TOpo and could also lead to mpo values above 200 GeV. 
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Figure 2: Tpo as a function of mpo for Ntc = 4 and Ntc = 1- We employ the couplings 
ofEqs. (i, © ®. 

where Cy = 1 (8) for V = 7 (g). We list here those partial widths relevant for our 
analysis: 

nP'^ll) = ^N^TcmU, (11) 

where Cp = 1(3) for leptons (down- type quarks) and Ntc is the number of technicolors. 

The resulting branching fractions for Npc = 4 is shown in Fig. |I|, while the total width 
is shown in Fig. 0. We see that the largest branching fractions are to bb, t~^t~ and gg. 
The total width is typically in the few MeV range, which is similar to that expected for 
a light SM-like Higgs boson. 

There are two important features: first the ratio of r(P° gg) to r{h gg) is 
roughly given by 1.5Np(j; second the ratio of B{P^ 77) to B{h —>■ '-ff) is of order 4 
for 50 < mpo < 150 GeV if Npc = 4, but substantially smaller if Npc = 1- If Npc 
and/or rripo is large enough that gg is the dominant decay mode (see Fig. 0), then 

B{P^ — > 77) becomes independent of Npc while r(P° —>■ gg) is proportional to N^c^ 



yielding 

TiP" cjcj)BiP'> ,-,) 1^%^ ~ 2.4 X 10- MeViVl, (^5^)' , (12) 
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Figure 3: The ratios [r(P° — > gg)B{P^ — > 77)]/[r(/i — gg)B{h 77)] (solid curves) 
and [r(po ^ ll)B{P^ hh)]/[T{h -f-f)B{h 66)] (dotted curves), where h is the SM 
Higgs boson, are plotted as a function of mpo, taking = rripo. Results are given for 
^Tc = 4 and N^c = 1 using the specific P° couphngs of Eqs. (||), (^ and (§). 

which, for A^tc = 4, is typically much larger than the corresponding result for a SM-like 
Higgs boson. This will make P° discovery in the 77 final state at a hadron collider much 
easier than in the SM Higgs case when Ntc = 4. Similarly, for Ntc = 4, one finds a larger 
value of r{P^ — i> 77)P(P'^ bb) as compared to the SM h analogue. This implies that 
discovery of the in 77 collisions will be much easier than for a SM Higgs boson. Of 
course, both ratios are smaller for smaller N^c- In the minimal N^c = 1 case, these two 
ratios are both of order 0.4 to 0.9 for 30 < mpo < 150 GeV, implying that the ability to 
detect the P° would be about the same as for the SM Higgs boson over this mass range. 

3 production at e+e~ colliders 

First, let us consider whether LEP places any limits on the P^. At LEP the dominant 
production mode is Z — > jP^. The width for this decay is given by 

where Apoz-y appeared in Eq. (|^). Let us follow Ref. and require that the Z 'jP^ 
decay width be > 2 x 10"^ GeV in order for the P'^ to be visible in a sample of 10^ Z 
bosons. We see that Ntc ^ 8 is required at mpo = 0, rising rapidly as mpo increases.^ 

^In a multi-scale model, where the effective v could be smaller, these results would be altered. 
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We now consider LEP2. The general form of the cross section for PV production 



(from Ref. [|T0[) is 



a(e+e- ^ PV) = ^X'/\l,ml/ s,ml/ s) 

^^^^ 2cwsw{l-ml/s) ^ 8cl.sl.il- ml /sr J' ^ ' 

where V = 'j, Z and P is the PNGB. In the above, we have neglected the Z width. As 
already stated, the best mode for P° production at an e+e~ collider (with i/i > m^) 
is e~^e~ —>■ '-fP^. Because the P^Z'j coupling-squared is much smaller than the P^'j'-f 
coupling-squared (by a factor of nearly 400), the dominant diagram is e~^e~ 7 ^ 7-P°, 
proportional to ^po^^- Even when kinematically allowed, rates in the e~^e~ ZP^ 
channel are substantially smaller, as we shall discuss. We will give results for the moderate 
value of Ntc = 4. For ^/s = 200 GeV, we find that, after imposing an angular cut of 
20° < 9 < 160° on the outgoing photon (a convenient acceptance cut that also avoids 
the forward/backward cross section singularities but is more than 91% efficient), the 
e^e~ — > cross section is below 1 fb for Ntc = 4. Given that the maximum integrated 
luminosity anticipated is of order L ~ 0.5 fb~^, we conclude that LEP2 will not allow 
detection of the P° unless Ntc is very large. 

The cross section for e^e~ 7P° at ^/s = 500 GeV, after imposing the same angular 
cut as for LEP2, is illustrated in Fig. ^ for Ntc = 4. It ranges from 0.9 fb down to 
0.5 fb as nipo goes from zero up to ~ 200 GeV. For L = 50 fb~^, we have at most 
45 events with which to discover and study the P^. The e'^e'^ —>■ ZP^ cross section is 
even smaller. Without cuts and without considering any specific Z or P° decay modes, 
it ranges from 0.014 fb down to 0.008 fb over the same mass range. If TESLA is able 
to achieve L = 500 fb~^ per year, 7P° production will have a substantial rate, but the 
ZP^ production rate will still not be useful. Since the jP^ production rate scales as N^^, 
if Ntc = 1 a ^/s = 500 GeV machine will yield at most 3 (30) events for L = 50 fb~^ 
(500 fb~^), making P^ detection and study extremely difficult. Thus, we will focus our 
analysis on the Ntc = 4 case. 

In order to assess the jP^ situation more fully, we must consider backgrounds. As we 
have seen, the dominant decay of the P° is typically to bb, t~^t~ or gg. For the bb and 
gg modes, the backgrounds relevant to the •yP^ channel are 766, 7CC and 'jqq (q = u, d, s) 
production. The cross sections for these processes obtained after integrating over a 10 
GeV bin size in the quark-antiquark mass (an optimistic estimate of the resolution that 
could be achieved using reconstruction of the quark-antiquark or r+r~ pair) are also given 
m Fig. § For 10 < rripo < 80 GeV and rripo > 100 GeV, the signal to background ratio is 
not too much smaller than 1. We will assess the P° discovery potential in specific channels 
by assuming that 10 GeV mass resolution can be achieved for mpo in each case. 

In order to proceed with a discussion of specific final states, we state our assumptions 
regarding tagging and mis-tagging efficiencies. We separate r+r", bb, cc and qq/gg final 
states by using topological and r tagging with efficiencies and mis-tagging probabilities 
as estimated by B. King for the muon collider. These are slightly pessimistic for an 
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Figure 4: Taking N^c = 4, the cross section (in fb) for e^e~ — > (solid curve) is 
plotted as a function of rupo in comparison to various possible backgrounds: e^e~ ^bb 
(dotdash); e~^e~ — >• 7CC (dashes); e"^e~ — > •yqq, q = u,d,s (small dashes); and e^e^ 
'-)T^T~ (dots). The background cross sections are integrated over a AMx = 10 GeV 
bin width (a possible approximation to the resolution that can be achieved). A cut of 
20° < < 160° has been applied to both the signal and the backgrounds. Effects due to 
tagging and mis-tagging are discussed in the text. 



e"'"e~ collider. We take ebb = 0.55, tec = 0.38, e^c = 0.18, ecb = 0.03, eqb = egb = 0.03, 
^qc = ^gc = 0.32, e-TT = 0.8, erb = = ^rq = 0, whcrc the notation is that eab is the 
probability that a particle/jet of type a is tagged as being of type b. Gluons are treated 
the same as light quarks. 

Results for S/ \fB, in the various tagged channels, for Ntc = 4 and assuming L = 
100 fb"^ at = 500 GeV, are plotted in Fig. |^. We have assumed a mass window of 
AMx = 10 GeV in evaluating the backgrounds in the various channels. Also shown in 
Fig. ^is the largest S/\fB that can be achieved by considering (at each mpo) all possible 
combinations of the gg, cc, bb and r+r~ channels. From the figure, we find S/\/B > 3 
(our discovery criterion) for mpo < 75 GeV and mpo > 130 GeV, i.e. outside the Z 
region. A strong signal, S/ Vb ~ 4, is only possible for mpo ~ 20 — 60 GeV. As the figure 
shows, the signal in any one channel is often too weak for discovery, and it is only the best 
channel combination that will reveal a sig nal. For the TESLA L = 500 fb"^ luminosity, 
S/ ^/B should be multiplied by ~ 2.2 and discovery prospects will be improved. 

Once a PNGB is discovered, one will wish to determine the branching fractions and 
couplings as precisely as possible in order to pin down the fundamental parameters of 
the model. In the e~^e~ — *• 7P° production mode, one will begin by extracting ratios 
of branching fractions by computing ratios of the rates measured in various final state 
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Figure 5: We consider e^e~ jX taking Ntc = 4 and, for L = 100 fb~^ at 
^/s = 500 GeV, plot the statistical significances S/ ^J~B for a P° signal in various 'tagged' 
channels as a function of mpo. We assume mass resolution of AMx = 10 GeV in each 
channel and the channel tagging and mis-tagging probabilities discussed in the text. A 
cut of 20° < 9 < 160° has been imposed on both the signal and the backgrounds. The 
curve legend is: gg (dot-dot-dash); cc (dot-dash); bb (solid); r+r~ (dashes). Also shown 
(dots) is the largest 5*/ \fB that can be achieved by considering all possible combinations 
of channels. 



channels.0 As a first indication of how well one can do, we give, in Fig. ^ the statistical 
errors {S+BY^"^ / S in each of the tagged channels in the case of our bench mark example of 
the P^. Even if we decrease the errors of the figure by the a/5 ~ 2.2 factor appropriate for 
an integrated luminosity of L = 500 fb~^, the only channel with reasonable error (< 15%) 
would be hb. Further, in obtaining results for ratios of B{P^ — >■ F) for F = gg, bb, t^t^ , 
one must unfold the mis-tagging (implying introduction of systematic uncertainties) and 
combine statistical errors in the various tagged channels. 

The next step, beyond the extraction of ratios of the P° branching fractions, is the 
model-independent determination of the individual B[P^ — > F)'s for specific final states 
F via the ratio of the rate in a specific final state to the inclusive rate: 

The crucial issue is then the ability to observe the P° inclusively in the 7X final state 
as a peak in the recoil Mx spectrum, and the associated error in the inclusive cross 

^Note that the reason we focus on ratios is that the systematic errors due to uncertainty in the absolute 
normahzation of the rate in any given channel will cancel out in the ratios. 
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Figure 6: We consider e~^e~ — > ^yP^ — > 7X production for N^c = 4, with L = 100 fb~ 
at ^/s = 500 GeV, and plot the statistical error {S + BY^'^/S for the various 'tagged' 
channel rates (X = t~^t~ , bb, cc, gg) as a function of mpo. Assumptions and notation as 
in Fig. |[ 



section a{e~^e 7-P°)- The resolution in Mx is determined by the photon energy reso- 
lution. Using AEj/Ey = 0.12/yE^© 0.01, one finds ±1(t mass windows in mpo of [0, 78], 
[83.5,114] and [193,207] (GeV units) for mpo = 55, 100 and 200 GeV, respectively. If 
the resolution could be improved to AE^/Ej = Q.QS/^Je^® 0.005 [|I2|, then the mass 
windows for mpo = 55, 100 and 200 GeV become [36, 69], [91, 108] and [196, 204], respec- 
tively. [We note that AE^/E^ > 0.0125 (> 0.0075) for mpo < 200 GeV for the first 
(second) resolution case, indicating that the constant term is dominant and should be the 
focus for improving this particular signal.] 

Backgrounds to inclusive 7P° detection will be substantial. All the backgrounds plot- 
ted in Fig. ^ must be included (integrated over the appropriate mass window), and others 
as well. Observation of the P° signal in the recoil Mx spectrum would be difficult, es- 
pecially for lower values of mpo. However, if mpo is known ahead of time, then one can 
simply employ the appropriate mass window and estimate the background from Mx bins 
outside the mass window. We anticipate that the resulting errors for a{e^e^ iP^) 
will be large, implying that the corresponding model-independent determinations of the 
various B{P^ F)'s from Eq. (^) will be subject to large statistical uncertainty. This 
is an important loss relative to the usual program for determining the properties of a 
Higgs boson in a model-independent manner using the e+e" Zh signal in the inclusive 
e+e" ZX final state. 



10 



4 production at a 77 collider 

The rate for production and decay of a narrow resonance R in 77 collisions is given by 
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iV(77 - - F) = 8^r(i? ^^^)B{R F) ^ G{y^)L^.^- , (16) 

mjihe+e~ 1 R 

where A and A' are the helicities of the colliding photons, Fexp is the mass interval accepted 
in the final state F and Lg+e- is the integrated luminosity for the colliding electron and 
positron beams. In Eq. (|16D, (AA') and G{yR = itir/ E^+e-) depend upon the details of 
the 77 collision set-up. Here, we are interested in exploring the ability of a 77 collider 
to discover the narrow P° resonance and so we choose laser polarizations P and P' and 
e+e" beam helicities Ag and Ag in the configuration 2Ae-P ~ +1, 2AgP' ~ +1, PP' ~ +1 
such that G > 1 and (AA') ~ 1 (which suppresses 77 qq backgrounds) over the large 
range 0.1 < Ur < 0.7. The P° is always sufficiently narrow that tan^^ 7r/2. In this 
limit, the rate is proportional to T{R 77)i?(i? — > F). For the P°, r(P° — 77) is large 
and the total production rate will be substantial. In this regard, the importance of the 
eigenstate composition of the P° has already been noted; e.g. for the same mass, if the 
TT^) were the mass eigenstate it would have only 1/8 the production rate. 

In Fig. I, we plotted F(po ll)B{P^ hi) divided by T{h -f-f)B{h bb), where 
h denotes the SM Higgs boson, for both Ntc = 4 and Ntc = 1- Over the mpo = mh 
range from 15 to 150 GeV, the ratio for Ntc = 4 varies from ~ 8 down to ~ 3, rising 
to very large values at masses above 160 GeV where the h WW, ZZ decay modes 
open up. For Ntc = 1; this same ratio is order 0.4 to 0.5 over the 15 to 150 GeV mass 
range, again rising dramatically at higher masses. Since it is well-established pi ITH] 



that the SM h can be discovered in this decay mode for 40 < nih < 2mw, it is clear 
that P° discovery in the bb final state will be possible up to at least 200 GeV, down to 
~ 0.1^/s ~ 50 GeV (at ^/s ~ 500 GeV), below which G{y) starts to get small. Discovery 
at lower values of rupo would require lowering the y/s of the machine. 

In order to quantify these claims slightly further, we have taken the results of Ref. [|T^ 
(Fig. 2) for the SM Higgs bb signal and the bb background rate and multiplied the former 
by the F (77)5 (66) ratio plotted in Fig. ^ and by the correction factor 

tan-i(Fexp/F^P°5)/tan-i(F,.p/Fr) (17) 

[see Eq. (0)]. The resulting signal and background rates are plotted for Ntc = 4 in 
Fig. ^ assuming that Leg = G(?/po)Le+e- = 20 fb~^, independent of mpo. (As already 
stated, to achieve G > 1 at the lowest masses would require lowering the machine energy 
so that mpo/y/s > 0.1 — 0.2.) For the 66 channel S/\/B is plotted in Fig. |[ 

We have also performed this same study for Ntc = 1- The signal rate is, of course, 
significantly reduced relative to Ntc = 4 by virtue of the large decrease in r(P° —>■ 77). 
As Fig. ^ shows, we expect rates similar to those for a SM Higgs; in the 66 final state, 
S ranges from 40 up to 170 as mpo goes from 20 to 200 GeV. The corresponding S/\/B 



11 




exp 



= 5 GeV 




Total P° 



10 



,3 



m 



10' 



,2 



10 







50 



100 



150 



200 



mpo (GeV) 



Figure 7: We consider 77 collisions for L^s = 20 fb~^ (assumed independent of mpo), with 
an angular cut of | cos6'| < 0.85 applied to the two-particle final state. An experimental 
resolution Fgxp = 5 GeV is assumed in the final state. We plot, as a function of mpo: 
the total 77 P° production rate (solid); the rate for 77 — > P° — >• bb (dashes); and the 
77 bb irreducible background rate (dots). Ntc = 4 is assumed. 

values are plotted in Fig. ^j. For mpo > 60 GeV, there is an excellent chance that 
detection will be possible in 77 collisions even for the minimal Ntc = 1 choice. 

Of course, these results are not entirely realistic. The 77 bb background rate 
plotted assumes an unrealistically small bb mass resolution of Fexp = 5 GeV. In addition, 
backgrounds from 77 — > ccg and 77 — *• bbg are ignored. (These are not suppressed by 
having (AA') ~ 1.) However, these three-jet backgrounds can be largely eliminated by 
using topological tagging and cuts designed to isolate the two-jet final state. The resulting 
additional efficiency reduction for the P° — > bb signal is typically no smaller than > 0.5 
(for single-6 topological tagging) [|15| . Thus, P° discovery at a 77 collider in the bb final 
state will be very viable over a large mass range. 

Once the has been discovered, either in 77 collisions or elsewhere, one can configure 
the 77 collision set-up so that the luminosity is peaked at ^/i^^ ~ mpo. A very precise 
measurement of the P° rate in the bb final state will then be possible if Ntc = 4. For 
example, rescaling the SM Higgs 'single-tag' results of Table 1 of Ref. [|15| (which assumes 
a peaked luminosity distribution with a total of L = 10 fb~^) for the 106 GeV < rrijj < 
126 GeV mass window to the case of the using the [r(P° —>■ '~f'~f)B{P^ —>■ bb)]/[r{h 
'y^)B{h — > bb)] ratio for Ntc = 4, plotted in Fig. |^, we obtain S ~ 5640 compared 
to P ~ 325, after angular, topological tagging and jet cuts. This implies a statistical 
error for measuring r(P° —>■ '~f'~f)B{P^ — ^ bb) of < 1.5%. Systematic errors will probably 
dominate. Following the same procedure for Ntc = 1, we find (at this mass) a statistical 
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Figure 8: We consider 77 collisions for L^s = 20 fb~^ (assumed independent of mpo), with 
an angular cut of | cos6'| < 0.85 applied to the two-particle final state. An experimental 
resolution Fgxp = 5 GeV is assumed in the final state. We plot, as a function of mpo, the 
statistical significance S/\/B for Ntc = 4 and Ntc = 1- 

error for this measurement of < 5%. Of course, for lower masses the error will worsen. 
For Ntc = 4, we estimate an error for the hb rate measurement still below 10% even at 
a mass as low as mpo = 20 GeV (assuming the \/s of the machine is lowered sufficiently 
to focus on this mass without sacrificing luminosity). For Ntc = 1, we estimate an error 
for the hb rate measurement of order 15 — 20% for mpo ~ 60 GeV. 

Of course, it would be very interesting to measure rates in other final state channels 
as well. The Ntc = 4 total rate shown in Fig. |^ (which can be further increased 
once mpo is known and the 77 collisions are configured for a peaked, rather than broad, 
luminosity spectrum) indicates that 77 — > P'' — > r+r" and gg will also have large event 
rates. Backgrounds are probably too large in the gg final state to obtain a robust P° 
signal. Backgrounds in the r+r~ channel are not a large, but there is no sharp mass peak 
in this channel. Still, if one configures the machine energy and 77 collision set-up so that 
the 77 luminosity is very peaked at an already known value of mpo, a reasonably precise 
measurement of r(P° 77)P(P° r+r") might prove possible. Detailed studies of 
what can be achieved in the gg and r+r^ channels should be performed. 

For Ntc = 4, it might even be possible to detect the P° in the 77 ^ P° 77 
mode. The (broad-luminosity-profile) total P° production rate plotted in Fig. |^ is > 3500 
for mpo > 100 GeV, for which masses P(P° —>■ 77) > 0.006 (Fig. |I|). The resulting 
total 77 P° — *• 77 event rate ranges from a low of ~ 20 at mpo ~ 100 GeV to 
~ 50 at mpo ~ 200 GeV. These rates can be substantially increased if the 77 collision 
set-up is optimized for a known value of mpo. Presumably the (one-loop) irreducible 
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77 — > 77 background is quite small. But, one must worry about jets that fake photons 
and possibly about back-scattered photons that simply pass through into the final state 
without interacting. (Presumably a minimum-angle cut could be used to largely eliminate 
the latter.) Once again, a detailed study will be needed to reliably assess prospects for 
detection of the P° 77 signal. 



5 Conclusion 

We have discussed the production of the lightest pseudo-Nambu Goldstone state of a 
typical technicolor model at future e^e~ and 77 colliders. In the class of models con- 
sidered, the P° is of particular interest because it contains only down-type techniquarks 
(and charged technileptons) and thus will have a mass scale that is most naturally set by 
the mass of the 6-quark. 

We have considered a mpo mass range that is typically suggested by technicolor models, 
10 GeV < mpo < 200 GeV. An e~^e~ collider, while able to discover the P° via e^e~ —>■ 
'jP'^, so long as mpo is not close to mz and Ntc > 3, is unlikely (unless the TESLA 
500 fb~^ per year option is built or Nj-c is very large) to be able to determine the rates 
for individual 7-F final states {F = bb, t~^t~ ,gg being the dominant decay modes) with 
sufficient accuracy. 

The 77 collider option at an e~^e~ collider is actually a more robust means for dis- 
covering the P^ than direct operation in the e~^e~ collision mode. For Nj-q = 4, we find 
that 77 — > P° bb should yield an easily detectable P° signal for 0.1 < ^^^^ < 0.7 when 
the 77 collision set-up is chosen to yield a broad luminosity distribution. Once mpo is 
known, the 77 collision set-up can be re-configured to yield a luminosity distribution that 
is strongly peaked at y/s^^ mpo and, for much of the mass range of mpo < 200 GeV, 
a measurement of r(P° 77)P(P° bb) can be made with statistical accuracy in the 
< 2% range. For Ntc = 1, P° discovery in the 77 P° — > bb channel will remain 
possible for mpo > 60 GeV or so, but the accuracy with which the rate will eventually be 
measured worsens to 5 — 10%. 
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